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FOREWORD 

This f ina l  report of the Advanced c'ropulsion Systems Concepts for  Orbital 
Transfer  Study was prepared by the  Upper S tages  and Launch Vehicles 
Preliminary Design organization of the being Aerospace Ccmpany ( E W )  for the 
National Aeronautics and Space Wministration's George C. Mrsha l l  Space 
Flight Center i n  accordance with Contract NA.SF)-77935. The stidy waq cndi~cted 

under the direct ion of the NASA study manager, Mr. W i l l i a m  Galloway, during 
the period from July 1980 through July 1981. The f ina l  report is organized 

according to the following three documents: 

Volume I: 
Volune 11: Study Technical R e s u l t s  
Volune 111: 

Catalog of Advanced Propulsion Concepts 

Life Cycle Cost Estimates 

Key personnel during the performance of this study were: 

Dr. Dana G. Andrews - Study manager, responsible for nonelectric 
concepts 

Mr. lbn G r i m  - Deputy study manager, responsible for e l e c t r i c  

vehicle concepts 

Supportirq personnel d u r i q  this study were: 

Structures and Weights R. T. Conrad 

Electr ical  Power R. J. Gewin 
Systems Analysis E. E. m v i s  and R. P. Reinert 

Cost and Programnatics J. C. Jenkins 
Constructive Criticism V. A. Caluori 

V 



0180-26680-3 

1.0 INTRODUCTION 

The a b i l i t y  to t ransfer  payloads i n  space is fundamentally dependent on 
the capabi l i ty  t o  control and apply energy. The p rac t i ca l i t y  of any 
propulsion concept is determined by the s i ze ,  mass, efficiency, and cost  of 
t h e  method of energy conversian from its i n i t i a l  form; g ixh  as 

high-temperature combustion gases or  high-energy nuclear reactions, to  the 

production of force or thrust. The h i s to r i ca l  dependence of aeronautical 
transportation progress on dvancements in  propulsion technology has its 
analog in  space also. The hydrogen-oxygen rocket ewine is mw about 20 years 
old. Its l a t e s t  application in the space s h u t t l e  o rb i te r  requires tha t  its 

near u l t i m a t e  in  theoret ical  potential be realize3 in  pract ical  application, 
e s p e c i a l l y  w i t h  r e spec t  t o  e f f i c i e n c y  and endurance. Although it is 
reasonable to expect this performance can be achieved, it is alsD evident t h a t  
f u r t h e r  p rogres s  i n  propuls ion technology is h igh ly  d e s i r a b l e  t o  more 
e f f i c i en t ly  perform current visualized future  missions. 

?his study was established to examine a l te rna t ives  t o  the hydrogen-oxygen 
rocket, their ava i lab i l i ty ,  an3 their usefulness an3 to  estimate their cos t  
effectiveness a s  a replacement or partner for the chemical upper stage. The 

stLdy was divided into four tasks. The f i r s t ,  a survey and characterization 
of pssible advanced propulsion concepts, is covered in Volune I, Catalog of 
Advanced Propulsion Concepts. In  the remainirq tasks,  the propulsion concepts 
found worthy of further developnent in  Volme I were assessed as vehicles,  
sized for our best prediction of future mission requirements, a d  subjected t o  
l i f e  cycle cost estimates over a future operations scenario. Resul t s  of these 
tasks are covered in  Volume 11, Study Technical Results. This volume contains 
the detai led cost estimates and methodology to  generate the l i f e  cycle cos ts  
sumnarized in  Volme 11. 

1 
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2.0 COSTING APPROACH, METHOD, AND RATIONALE 

2.1 Approach 

Costing for t h i s  study was accomplished in ha Mases, corresponding t o  
the low mission modei and a growth version called the high mission model. 

Eight vehicles corresponding to eight d i f fe ren t  mission scenarios were costed 
for the low model. The l i f e  cycle cos ts  (E) were estimated for each 

scenario arxl then compared to  determine the re la t ive  mrth of each advanced 
propulsion concept . 

Three of the eight vehicles were eliminated from the high model because 
of indications they would be inferior to two of the remainiq concepts. E ' s  
for these remaining f ive  concepts and the i r  scenarios were then estimated for  
the  high mission model . 
2.2 Work Breakdown Structure 

( '  
L. 

?he Wrk Breakdown Structure (\JBS) used i n  this study is s m a r i z e d  in  

Figure 2.2-1, displayed t o  leve l  3. It consis ts  of three phases: DDT&E, 
production, and operations. With in  each of these phases there are  separate 

prograns corresponding to  each scenario (13 in  all ;  8 for the low model and 5 
for  the high model). 

The DKYEE, production, and operations costs  were estimated separately for  
Figures 2.2-2 through 2.2-4 present the  each of the  13 scenarios (prograns). 

f u l l  level 4 WBS. Each of the separate programs has the same level  4 WBS. 

2.3 WBS Dictionary 

Definit ions for the ClJBS dictionary are  found in Tables 2.3-1 through 
2.3-4. 

2 
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Figure 2.2-2 OTV IXTbE Level 4 WBS 

1000 DDTbE Phase 
1010 Flight  Hardware 

1011 Structure 
1 A 1 3  ma--1 P n m t " n 1  
*"I& * & I C . . , L U *  -..&I, "I 

1013 Avionics 
1014 Fbwer Supply & Distribution 

1015 Propulsion 
1016 A t t i t u d e  Control 

1040 Systems Engineering b Integration 
1050 I n i t i a l  Tooling 
1060 Systans T e s t  

1061 Test Hardware 
1062 Test Operations 

1070 Airborne Support Equipnent 
1071 Structure/Mechanical 
1072 Fluid Systems 

1073 Electr ical/Avionics 
1074 Other 

1080 Ground Support Equipnent 
1090 F a c i l i t i e s  & Equipnent 
1100 Software 

1101 Flight Vehicle 
1102 Shut t le  Interface 
1103 Ground Support Equipnent 

1104 Mission Control 
1110 Training 

1111 Personnel 
1112 Simulators 

1120 Program Management 

4 
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Figure 2.2-3 OTV Production Level 4 WBS 

2000 Production Phase 
2100 Stage 1 Manufacturing 

2110 Structure 
2120 Thermal Control 

2130 Avionics 
-1  r n  ni - - ~ - 2 - - i  n 
L A Y U  S A ' Z L L L A L a A  C V W L  

2150 Propulsion 
2160 Att i tude Control 
2170 Integration, Assembly, Checkout & Test 

2200 Test Unit Modifications 
2300 In i t ia l  Spares 
2400 Sustaining Tooling 

2500 mgineering Support 
2600 Program Management 

5 
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F-gure 2.2-4 UW Operation -=vel 

3000 Operations Phase 
3100 Ground (Ips 

3110 Re-Launch Ws 
3120 Comnand & Control 
3130 Post Mission Ops 
3140 Maintenance/Refurbishment 
3150 Replacement Training 
3160 Engineering Support 
3170 Program Management 

3200 Space Based Ops 
3300 Logistics Support 

3310 Follow-on Spares 
3320 Propellants & Gases 
3330 AS€ Spares 
3340 GSE Spares 

3400 SIS User Charges 
3410 Basic User Charge 
3420 Orbit S t a y  Time Charge 

6 
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Table 2.3-1 Total Program Cost Definition 

Cost Element Cost Element 
Number Designa t ion 

Definition 

100 Total Program 
Cost of Each 
Advanced 
Propulsion 
System Scenario 

This element is the t o t a l  cost of an ad- 
vanced propulsion -stem scenario. 
the sumnation of the three major program 
phases : 

It is 

Cost Element N u m b e r  

1000 

2000 
3000 

Phase 

Design, Develop 
ment, %sting, and 
hraluation 
Production 
Operations 

Included are a l l  labor, material a d  over- 
head required for the design, developnent, 
fabrication, required assembly, testirq and 
operation of each UI'V. Each Phase is fur- 
ther suMivided into lower level cost 
elements h i c h  represent specif ic  program 
tasks , funct ions,  o r  hardware elements. 

7 
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2.4 Methodology 

The c o s t  methodology f o r  developing e s t i m a t e s  i n  t h i s  volume is 
sumnarized i n  Figure 2.4-1. 

'Ihe primary tool for estimating DIYT&E a d  production costs  was the 
Boeing-developed Parametric Cost Model (PCM) . PCM develops costs  from 
phys ica l  hardware d e s c r i p t i o n s  and program schedules  and al lows t h e  
incegracion or' any known c o s t s  (or  outs ide-generated c o s t s ,  such a s  
subcontractor or vendor estimates) into the t o t a l  estimate. In  t h i s  way, 
Boeirq can assemble a program cost fran the available s u r c e  data. 

Figure 2.4-1 is an overview of the F C M  estimating method ard i l l u s t r a t e s  
the source, t p ,  and level of information handled and delivered fran t h i s  
estimating process. As depicted, the customer establ ishes  the scope of the 
program re la t ive  t o  quant i t ies ,  program time period, WBS structure, and 
associated ground rules ad assumptions. Contractor program planners amplify 
the customer-furnished d i rec t ives  into a design, developnent, fabr icat ion,  

-. test, and spares .philosophy required to support the implementation of the 
program. These data ,  alorq with financial  information re la t ive  t o  labor,  
support, and overhead rates ,  are assembled on a PCM "global" level  input shee t  
that defines the programlevel constraints tha t  the cost  model w i l l  work 
within. Tb develop individual compnent hardware estimates, engineering and 
manufacturing functionals describe the components t h a t  make up the subsystems. 

?his description requires a weight, hardware type, redundance, hardening ard 
circuitry-type def in i t ion  and an assessment of complexity, developnental 
s t a tus ,  manufacturing process, ad required qual i ty  control level.  These 

hardware data,  i n  conj unction w i t h  programnatic-level global inputs, are 
processed in the PCM cost  model to generate mst estimates. 

The PCM is a col lect ion of relationships and factors ,  developed from 
Boeing's h i s t o r i c a l  da t a  base,  cons i s t ing  of man-hour and d o l l a r  d a t a  
contained in  the Executive Information System (EIS) .  EIS is a company-wide 
data bank providing raw information from which :in the case of E M )  functional 
man-bur estimating relationships (MER) have been derived. These MER'S r e l a t e  
program inputs to  the model's internal mrking logic. Each major functional 

21 
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. area (project engineerirq, developnental shop, etc.) making up b e i n g ' s  
organization is represented and interrelated in the model. The functional 
areas are ultimately expressed i n  terms of man-hours required to f u l f i l l  
program objectives and are converted to dol la rs  using dollar-per-hour r a t e s  
and estimating factors  appropriate for the time period of the estimate. 

Inputs to FCM a t  the program level include consideration of the following 
elements : 

0 

0 

0 

0 

0 

0 

0 

0 

0 

a 

Production quantity and rate 
Schedule - too long, too short ,  nominal 
Include or exclude Class I changes 
Spares as a percent of hardware produced 
Rates for engineering, developmental shop, manufacturing, qua l i ty  
control,  tooling 
Number of recurring sets of support equipment 
Flight test progran support hours 
support l eve ls  for system engineering, software, system test, 
support equipnent design an3 manufacturing, ard tool i rq  design 
Level of automation/mechanization/simplicity of end i t e m  f ina l  
assembly an3 checkout 
Level of developmental shop support to engineering and qual i ty  
assurance support to production 

A t  the  hardware level ,  inputs to PCM have been divided into the 
categories of Boeing-built, vendor-furnished 'Ithruput," ard customer-furnished 
thruput . 

With customer-furnished thruput, cos t s  are  acknowledged and displayed but 
not added to the t o t a l  estimate; bwever, related integration ard system test 
e f f o r t  is assessed and included in  be ing  cost. 

W i t h  vendor-furnished thruput (design and manufacture), quoted costs  a re  
carr ied through by PCM without change; howver,  required integration and 

system test e f fo r t  related to vendor hardware is assessed a d  integrated into 
b e i n g  cast. 

.. . 

23 
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In  order to estimate being-bui l t  hardware, PCM considers the following 
elements for both design and manufacture: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Wnat hardware category best describes the item--mechanical, 
e l ec t r i ca l ,  electranechanical, propulsion? 
?he basic plrametric measure of the hardware-in t h i s  case, weight 
The canplexity factor to design/manufacture the hardware 
Program piatform--space, missiie, a i rpiane,  or ground hardware 
Electronics-discrete or integrated circuits 
Structural  material 
operational environment--nuclear or nonnuclear 
Hardware redundancy 
Learning curve applicable to the par t icular  compnent (appl ies  
to manufacturirg only) 
Extent of using n e w  hardware and/or existing hardware with 
modifications 
complexity of integrating components into system 

PCM-estimated costs  are a l l  traceable back to standardized input forms, 
through h i c h  configuration control is maintained. These sheets specify in  
d e t a i l  the erqineerirq an3 manufacturirq decisions re la t ive  to the design and 
manufacturing processes of each hardware component and, therefore,  provide 
t r aceab i l i t y  of how the design has changed as  it evolved. 

Cost c red ib i l i t y  is a function of (1) program and hardware def in i t ion ,  
(2) the depth of analysis which t ranslates  t h i s  def in i t ion  into povl estimating 
inputs, and (3) the a b i l i t y  of the estimating method to amver t  good inputs 
i n t o  r e a l i s t i c  cost  estimates. 

"he PCM cost model has been validated with h i s to r i ca l ,  actual  b e i n g  cost  
data for components of a l l  four basic hardware categories. Variance analysis  
has shown tha t  the model will develop estimates within +23% a t  a one sigma 
confidence level  i f  the inputs are  accurate. 

Ground rules used for determining the DmtE and production costs  a re  
sbwn in Figure 2.4-2. The PCM cost inputs were based on cos ts  generated i n  
Reference 1, and the engine powerplant costs  come from ths advocate data base. 
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0 BOEING PCM USED TO ESTIMATE DDT&E AND PRODUCTION COSTS 
FOR FLIGHT VEHICLES AND GSE 

AIRBORNE SUPPORT EQUIPIVIENT(ASE)COSTS DERIVED FROM PHASE A COSTS 

0 2.75 EQUIVALANT UNITS OF TEST HARDWARE (FLT. VEHICLES AND ASE) 

0 2 SETS OF GSE INCLUDED IN DDT&E 

0 ONE TEST FLIGHT INCLUDED IN DDT&E 

0 FLIGHT TEST UNITS REFURBISHED FOR OPERATIONAL FLEET 

0 10% INITIAL SPARES 

0 90% PRODUCTION LEARNING CURVE ON STAGES 

0 95% PRODUCTION LEARNING CURVE ON ENGINES 

0 ENGINES/ POWERPLANT COSTS FROM ADVOCATE DATA BASE 

Figure 2.4-2: DDT&E and Production Costing Groundrules 
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DM'&E costs  for the various advanced systen scenarios were developed by. 
t rea t ing  each vehicle as a brand new - vehicle w i t h  no off-the-shelf components 
a d  no overlap between the chemical a d  advanced UI'V's; This assunption was 
based on the fact that each vehicle is designed for d i f fe ren t  missions in the 
two-vehicle scenarios. 

Production phase costs  *re estimated for all OTV's plus the SW's and 
tankers i n  each scenario. Since the chemical and advanced stages were assuned 
LV i-ave IKJ c;vttuuorl p~b, uiey were priced on separate iearning curves. 

Ul'V operations cos t s  were developed fran several sources, with the Phase 
A Ul'V study (Ref.  2) providing most of the ground rules. For fl ight-related 

costs ,  the la rges t  item is t h e  $2.W per f l i g h t  charge for  mission-peculiar 
software and data,  which comes d i rec t ly  from the Phase A cos t  analysis. Other 

f l ight-related operations costs are 1.3% of theoret ical  f i r s t  u n i t  (TFU) cos ts  
per  f l i g h t  o r  ope ra t iona l  spares  and $100,000 p e r  f l i g h t  t o  purchase 

propellant. Yearly costs  are principally for f a c i l i t i e s  and manpower and 
these were assumed to be $36M per year for the thermodynamic rockets and $38M 

per year for the electrics. These costs  include the charges for space-based 
operations, ground operations, and sustaining eq ineer ing .  There is a fixed 
$3OM per year charge for spacebased operations (maintenance, fueling, payload 
manifesting, etc.) . ?his charge is the same for all concepts because a l l  are  

space based, a l l  w i l l  require t u r n a r o d  i n  about the same le rq th  of time, and 
a l l ,  except the chemical ABorV, have unique handling problems h i c h  w i l l  cause 

then to be remotely serviced fran the LEO base. 
Because no discriminators could be found between propulsion concepts with 

respect t o  LEO base manpower a d  because the cost  of LEO base operations is 
still very ten ta t ive ,  a fixed yearly charge was assessed for operations and 

sustaining eq ineer ing .  The difference between the yearly cost  of the 
high-thrust rockets and the e lec t r ics  is because the e l ec t r i c s  have multiple 
missions flying most of the time ard need extra grourd support. The basic 
f l ight-related cost was $2.75M per flight--the cost  of mission software, da ta ,  

spares, an3 propellant for the chemizal ABUTV. There was an additive cost  for  
expended equipnent, h i c h  for the chemical ABUl'V amounted to $ 0 . 3  for  the 

L _  

bal lute  a d  related hardware. For the other advanced propulsion concepts, the 
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basic fl ight-related cost  was multiplied by a complex-ty factor  to denote the 

estimated increase in mission ccmplexity a d  spares costs. The solar  A B ~ V  is 
the only other concept w i t h  expendable equipnent and the $1.34 per f l i g h t  
acLL,ve charge r e f l ec t s  the cost  of the solar  col lector  plus the kallute.  

SDV operations costs  =re estimated to be $22M per launch using data from 
Reference 1. Later data concerning the increased cost  of sol id  propellant 
indicate  tha t  $33M per launch might soon be a better number. Both launch 
costs were used t o  determine the i m p a c t .  Tanker operations costs  were 
estimated to be $1.34 per mission. STS operations cos ts  are  dependent upon 
the payloads launched, which are  the same for each system. A constant STS 
operations cost  of $1860M was estimated, assuming 64 s h u t t l e  launches wu ld  be 

required to support cTI?I operations. 
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Figure 3.1-1: SB L02/LH2 OTV DDT&E and TFU Cost Estimate 
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Figure 3.1-2: Rotating-Bed Rocket DDT&E and TFU Cost Estimate 
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Figure 3.1-3: Space-Based Laser OTV DDT&E and Cost Estimate 
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Figure 3.1-4: Ground-Based Laser DDT&E and TFU Cost Estimate 
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Figure 3.1-6: 3-Mw Space-Based Laser DDT&E Cost Estimate 
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Figure 3.1-7: 2 5 4  Space-Based Laser Cost Estimate 
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Figure 3.1-8: 25-MW Space-Based Laser DDT&E Cost Estimate 
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Figure 3.1-9: Solar Thermal Rocket DDT&E and TFU Cost Estimate 
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3.1-10 Advanced Solar Photovol taic-Ion Cost Estimate 
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3.1-13 TPV-Ion DDT&E and TFU Cost Estimate 
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3.1-15 NPS-Ion DDT&E and TFU Cost Estimate 
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3.1-16 Production Q u a n t i t i e s  f o r  High-Thrust Concepts 
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3.0 SUMMARY COST PRESENTATION 

This section sumnarizes the l i f e  cycle  costing of the eight mission 
scenarios corresponding t o  the low mission model and the f ive  mission 
scenarios correspondirq t o  the high mission model. The cost estimation has 
been divided into t w  subsections: r e l a t ive  t o t a l  l i f e  cycle cost estimates 
for the low model are  in section 3.1; section 3.2 covers the l i f e  cycle cost 
estimates for the high model. 

3.1 Low Model Life Cycle Costs 

System Acquisition Costs -The system acquisit ion costs  are the Dm&E and 
production costs  for each of the vehicle types involved i n  a par t icular  
scenario. For the scenarios examined here, the vehicles usually rsquired 

model; (2) the acfvanced propulsion vehicle used for the delivery and planetary 
missions; (3) the reusable shu t t l ede r iva t ive  vehicles used t o  launch the  

vehicles, equipnent, and propellant tankers into LEO; and (4 )  the ixnker 
vehicles used to  carry propellants into LEO. 

DDT&E and TFU cos t s  for each OTV type and tho s izes  of space-based laser  
are  presented in  Figures 3.1-1 through 3.1-15. The methodology used was 
discussed in the previous section and assumptions are shown on each figure. 
Note tha t  the test hardware for the e l ec t r i c  vehicles was equivalent to only 1 
T F U  and not 2.75 TF'U's as assumed for the thermodynamic rockets ( t h i s  is 
because of the modular test approach possible w i t h  electric vehicles) The 
data are arranged in  the same format and with the same headings a s  the WBS 
presented ea r l i e r .  

Production costs  were estimated using the production quant i t ies  shown in  
Figures 3.1-16 and 3.1-17 a d  the production learning curves shown in  Figure 

2.4-2. ?he resul tant  system acquisition costs  for  the various OTV's and the i r  
individual support systems are  shown i n  Figures 3.1-18 and 3.1-19. These do 

I 

.. were: (1) the chenical AWTV used for the manned portion of the mission 
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3.1-21 Life Cycle Cost Summary by Hardware Element - 
High-Thrust Concepts 
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3.1-22 Life Cycle Cost Summary by Hardware Element - 
Low-Thrust Concepts 
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3.2-1 Large Chemical ABOTV DDT&E and TFU Cost Estimate 
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not include the DDBE and production costs  of the shuttle-derivative launch 
vehicles or the tankers. These numbers were calculated separately,  u s i r q  data 
obtained from Reference 1, an3 are shown in  the LCC summaries. 

Operations Costs - Operations cost  estimates for the low mission model 
a re  summarized in  figure 3.1-20. The methodology used has already been 
discuss& a d  is sumnarized in  the figure. 

Life Cycle Costs - Life cycle costs are  the combined total of D ~ & E ,  
production, and operations costs over the 16 years af the m i s i n n  mrvl&_ 
Summaries of the l i f e  cycle cost  estimates divided into hardware elements are  
shown in  Figures 3.1-21 and 3.1-22. Note tha t  these cost estimates include 
the costs  of developing and producing the s h u t t l e d e r i v a t i v e  vehicles and the 
propellant tankers as w e l l  a s  the OW'S. 

Life cycle costs  for the low model are  summarized i n  f igure 3.1-23. 
Costs are  those shown in the previous figures except i n t e re s t  charges during 
del ivery have been added. Interest  charges were calculated by (1) adding the 
cost of the payload (assmned t o  average $1OOM) to the launch costs of the 
payload and propellants and to the cost of the propellants themselves and (2) 
then determinirq the in t e re s t  accrued ( a t  15% annual interest) on t h i s  m u n t  
during the LEO t o  CEO del ivery time. This in te res t  cost  is equivalent to the 
in t e re s t  paid by a user on the money invested a t  the time of launch unt i l  the 
time the payload is deployed and begins earning revenue. The interest costs  
over the l i f e  of the mission model vary from negligible for the high-thrust 
concepts (which deliver in  1/2 day) t o  $1.5B for  the NE-ion vehicle (which 
requires 220 days). Also slmwn i n  Figure 3.1-23 is the increase i n  LCC i f  

launch costs increase 50% a s  expected. 

3.2 High Model Life Cycle Costs 

X C ' s  for  the high model were calculated in  the same manner, using the 
same rules a s  LCC's for the low model. In fac t ,  the high model contains the 
low mdel as  a subset and thus can be incremented from it by adding the large 
vehicles a d  extra missions required. 
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3.2-10 Life Cycle Cost Sumnary by Hardware Element for High Model 
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DDT&E and TFU cos ts  for the high model are shown i n  Figures 3.2-1 through 
3.2-5. The n e w  large OIll's were assumed to be delivered in  2005, sane 10 

years a f t e r  the smaller vehicles associated with the low model, and resulted 

in  the avionics and propulsion Dm&E portions being costed a t  10% of the  
values used for the low model. This savings was due to the assumption tha t  
the same technology would be used on the l a t e r  high model vehicles as had been 
developed fm- the low model vehiclss. 0Tv production quant i t ies  and system 
acquisit ion costs  for the high model are sumnarized i n  Fiqurcs 3.2-6 and 

OTV operations costs  for the high model were calculated using the same 
ground rules  a s  before. The yearly costs  a re  calculated in  tm periods: 
the f i r s t ,  1995-2004, is identical  w i t h  the low model; the second, 2005-2010, 
has extensive f l i g h t  operations l e a d i q  up to the f i r s t  solar power s a t e l l i t e  
'(SPS) and is costed separately (see Fiqcre 3.2-8 f o r  the operations costs  

breakdown). 
In t e re s t  charges for the high model are  shown in Figure 3.2-9. The 

in t e re s t  was not charged for bulk cargo de l iver ies  (e.g. nuclear waste 
disposal (NWD) and SPS demo) since they are  not revenue-generating payloads. 

E ' s  for the high model are sumnarized in  Figures 3.2-10 and 3.2-11. 
For the high model there appbar t o  be s igni f icant  differences i n  XC's between 
propulsion concepts. This is because launch costs begin to predaninate fo r  
t h i s  large mission model and the number of launches is largely a function of 

upper stage specif ic  impulse. High model LCC's are shown i n  Figure 3.2-12. 
Observing .the very large operations cost  (mostly launch costs) of the chemical 

ABUI'V, it appears tha t  an investment in  a heavy l i f t  launch vehicle (HUV) a t  
the beginning of the high model muld be a wise move. In t h i s  manner, an 
expenditure of $5B to develop an HLLV by 2000 could save roughly half of the 
$30B spent  on fuel launches bstween 2000 and 2010. Developnent of an HLLV 
also appears to be cost effect ive for the nuclear rotating-bed rocket (RBR) 

and solar  thermal ABUI'V scenarios. Possible dwelopnent of a new generation 

of launch vehicles was not par t  of th i s  study and was not pursued any further.  
It does appear, however, t ha t  w i t h  the high model, we have reached the p i n t  
where developnent of an HLLv is econcmically ju s t i f i ab le .  

3.2-7. 
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